Unraveling energy flow and redistribution pathways within biological macromolecules is essential for understanding the physicochemical regime in which biological reactions occur [1] [2] [3] [4] . Photochemical methods are in principle ideally suited to study such processes, because ultrashort light pulses can be used to deposit excess energy in a controlled, localized way on a time scale faster than vibrational diffusion 5 . Heme proteins exert a wide and still expanding range of biological functions, including catalysis, ligand transport and sensing, and especially their prototypical representative myoglobin (Mb) has become a model system for protein dynamics 6 . Heme photoexcitation (sketched in Fig. 1a ) can lead to the rupture of the heme-ligand bond followed by structural changes in the heme, the protein moiety and the ligand position, spanning over several orders of magnitude in time 3, 6 . The corresponding energy relaxation processes have been extensively studied with a variety of ultrafast techniques, such as time-resolved infrared 7 and visible [8] [9] [10] absorption, as well as by Impulsive Raman 11 and Coherent Emission Interferometry 12 . Using Time-Resolved Resonance Raman (TR 3 ) and Transient Raman Resonance Spectroscopy (TRRS), heme cooling has been observed on the timescales of a few picoseconds by looking at either vibrational shift [13] [14] [15] or the Stokes/Antistokes ratio 2, 16, 17 of the totally symmetric in-plane breathing modes with large cross section (ν 4 and ν 7 )
18 . The precise mechanism ruling vibrational energy redistribution following photoactivation, however, is obscured by several concomitant processes on the subpicosecond timescale: lysis of the chemical bond between the heme and external ligands 19, 20 , excited state dynamics and conformational changes 21 . In particular, owing to the difficulties to experimentally achieve simultaneous structural sensitivity and time resolution, contrasting hypotheses (schematically depicted in Fig. 1b ) have been put forward for the dynamics at 50 fs < t < 5 ps with respect to the possible contributions of intermediate heme electronic states 7, 8, 10, 14, 17, 19, [21] [22] [23] [24] [25] . To be able to address these issues we developed a novel Femtosecond Stimulated Resonance Raman setup (FSRRS) that uniquely combines high temporal precision and frequency resolution with fine tunability all over the heme proteins absorption spectrum. This approach allows us to derive the following scenario for ultrafast energy redistribution in myoglobin: following light absorption, energy is promptly transferred into a manifold of highly excited vibrational levels of the electronic ground state. From this manifold, vibrationally excited levels of low-frequency modes are populated quasiinstantaneously, and are thermally equilibrated within ∼ 300 fs. In striking contrast, the higher excited levels of high-frequency modes are populated in a few hundred femtoseconds, and relax in several picoseconds, constituting a bottleneck for overall equilibration of the heme prior to energy dissipation into the protein moiety. A model is developed that quantitatively accounts for the stimulated Raman as well as for the spectrally resolved transient visible absorption data, and that does not require intermediate electronic states of the heme.
Results
The two main absorption bands of Myoglobin, the Qband (≈ 560 nm) corresponding to the low-energy transition and the higher-lying Soret band (≈ 430 nm), are shown in Fig. 2d , for both the deoxy and CO-bound forms. We preliminarily performed a Transient Absorption (TA) experiment in deoxy Mb, pumped in the Qband and probed in a broad region across the Soret band, reported in Fig. 2 . A broad photoinduced absorption
FIG. 1:
Heme photolysis/photoexcitation. a) Sketch of heme pocket during photolysis/photoexcitation of MbCO/deoxy Mb, respectively. b) Two alternative relaxation pathways following Q band absorption of the pump photon by the reactant: the first is based on the existence of transient electronic states MbI and MbII on the way back to the ground state, the second entirely develops as direct deexcitation within a hot electronic ground state.
band develops to the red of the bleached Soret band (S, ≈ 435 nm), with a maximum at ≈ 450 nm (Fig. 2b) , and decays in ≈ 3 ps. A further-redshifted tail disappears on a much faster timescale, ≈ 300 fs (Fig. 2c) ; as extensively discussed in the literature, these TA features are compatible with either the existence of intermediate electronic species 7, 14, 21, 23, 24 or with a hot ground state vibrational relaxation pathway 8, 10 , as illustrated in Fig.  1b .
Solving this long standing controversy requires, on a more general ground, unravelling the redistribution of energy deposited locally in a prototypical cofactorthe heme of myoglobin-prior to the flow of heat into the protein moiety. To this purpose, we resorted to transient Raman spectroscopy. As classical TR 3 spectroscopy cannot provide subpicosecond time resolution (∆t) if an acceptable frequency resolution (∆ω) has to be maintained ( ℏ∆ω∆t ≥ 15 cm −1 ps, due to the transform limit restriction holding for the time duration and bandwidth of a single light pulse), we developed a dedicated FSRRS setup with wavelength-tunable Raman pulses in the challenging blue spectral region. The basic concept of femtosecond stimulated Raman scattering 26 is to use a femtosecond actinic pump pulse to initiate photochemistry of interest (centered at 560 nm in our case), and a picosecond Raman pulse (RP) jointly with a femtosecond broadband probe (Stokes pulse) to stimulate broadband coherent Raman signals in a wide vibrational range (100 -2000) cm −1 . The key advantage of the technique is that, although the generated coherence is read out averaged over the vibrational dephasing time, by controlling the gating of the Raman coherence the dephasing time window can be moved with uncompromised time precision (50 fs). As a result, tracking ultrafast structural dynamics becomes possible under the constraint imposed by the Heisenberg principle [27] [28] [29] .
FSRRS maps for both carbonmonoxy myoglobin (MbCO) and deoxy-Mb are shown in Fig. 3 . As a first general remarkable observation, our data clearly show only red shifts of the deoxy-ground state bands (quantified in Supplementary Fig. 2 ), highly suggestive of anharmonicity, and neither additional modes nor disappearance of ground state vibrations. This implies that the TA features of Fig. 2 reflect vibrationally excited levels of the ground state rather than population of transient electronic states. In the following we will demonstrate that the ensemble of observations can be understood in a consistent picture. When the RP is centered at 460 nm, an instantaneous photoinduced red shift of the low frequency modes (≤700 cm −1 , cf. ν 8 in Fig. 4b ) is observed followed by a recovery of the ground state frequencies in ≈ 300 fs. This recovery occurs concomitant with a decay of the amplitude of the Raman bands. By contrast, upon tuning the RP at 440 nm, the intensity buildup of the ground state low frequency modes is retarded by a few hundred fs.
For the high frequency modes (1000-1600 cm −1 , cf. ν 4 in Fig. 4a ) a different pattern is observed. These modes build up within the first 300 fs for both RP tuning conditions. In addition, the transient red-shift is not instantaneous, it rather develops within the first ps, as clearly observed with the ≈ 460 nm RP and, to a lesser extent, with the ≈ 440 nm RP. On the timescale of a few picoseconds the frequencies shift back to the cold ground state values (Fig. 3, inset) , in agreement with TR 3 experiments on the ν 4 mode 23 that were interpreted in terms of vibrational cooling, related to anharmonic mode coupling with low frequency modes 14 (≈ 500 cm −1 ). Our observation rationalizes previous TRRS experiments 17 , specifically the peculiar shape of the ν 4 vibration (see Supplementary Discussion for full details). The improved time-energy resolution of our FSRRS experiment enables a detailed inspection of the dominant ν 4 band (≈ 1355 cm −1 in deoxy-Mb), which exhibits a red shift due to the presence of a distinct transient satellite to the red side of the ground state vibrational frequency. Remarkably the relative weight is markedly enhanced for the RP at 460 nm (Fig. 5b) . The effect is present in both MbCO and deoxy-Mb, albeit with different amplitudes (Fig. 3) due to the fact that in the former case part of the photoexcitation energy quantum is spent to dissociate the ligand, resulting in a reduced heating. This establishes the common nature of energy redistribution in MbCO and deoxy-Mb, and of their nearly coincident spectra even at the shortest probed time delay. Hence, we focus here on the latter case, particularly illustrative due to the coincidence of the initial and final states.
Discussion
Detailed information on the ultrafast energy flow within the heme can be obtained from the dependence of the FSRRS spectra on the RP tuning. In general, transitions starting from vibrationally excited states n > 0 are enhanced by the increase of the Boltzmann population factor. In the presence of anharmonicity, the vibrational energy levels are unevenly spaced. This gives rise to distinct vibrational spectral features associated with hot photoproducts, i.e., hot bands, that are red-shifted with respect to the fundamental transition starting from n = 0 30 . Accordingly, if the energy of the RP is tuned below the energy difference between the vibrational ground state (|0⟩ g ) and the Soret band, the cross section associated with the transition from a vibrationally excited state (i.e. |1⟩ g → S) will be enhanced. This is precisely what we observe: FSRRS measurements with RP at 440 nm mostly reveal vibrational ground state features, whereas with RP at 460 nm the transitions from higher lying (less populated) vibrational levels become visible. The ability to tune the RP and exploit different resonance conditions 31 , jointly with the high energy resolution, allows us to clearly discriminate hot bands from anharmonic mode coupling effects. Specifically, having access to spectral features corresponding to hot bands as well as fundamental transitions, and taking into account the electronic enhancement corresponding to different RP wavelengths, the so called Raman Excitation Material), we have been able to fully characterize the population of each excited vibrational level for a given Raman mode. Within this picture, one naturally rationalizes the different evolution of high-frequency, as ν 4 (Fig. 5b) , and of low-frequency modes. In fact, on the ultrafast timescales probed here, the concept of a single equilibrium temperature no longer applies, and a hot ground state can generate different behaviors for modes of different frequency, according to the specific pathway of the intramolecular energy redistribution.
Specifically, exciting the system with a 560 nm photon results in a heat deposition of 53 kcal/mole. This corresponds to an equilibrium average vibrational energy per mode of ≈ 500 cm −1 or, equivalently, an average vibrational temperature 700 K 4 . Hence, the low frequency modes such as ν 8 (342 cm −1 ) 18 may have a relatively large number of vibrational levels populated by the anharmonic coupling with the initially excited FranckCondon (FC) manifold. The instantaneous redshift observed at the earliest accessible time delays in Fig. 3b signifies that those low frequency modes are the most efficient in promptly harvesting the deposited excess energy. The subsequent, gradual, blue-shift of the Raman peak indicates that the higher lying vibrational levels of the low-frequency modes quasi-continuously depopulate during the cooling process.
Under comparable heating conditions, only the two lower lying vibrational levels (|0⟩ g and |1⟩ g ) of high frequency modes (ν > 1000 cm −1 such as ν 4 ) can be significantly populated, after the system relaxes from the modes initially populated in the internal conversion process. Accordingly, only the fundamental component 0 → 1 and the first hot band 1 → 2 are observed in the FSRRS spectra, with a time dependence of the relative intensities reflecting the heating and cooling processes.
Taken together, our observations indicate the following scenario: an initial nonradiative transition from the excited state to the ground electronic state occurs through a manifold of highly excited, high frequency overtones and combination bands with the most favorable FC overlap 33, 34 . These modes, which are extremely broad and non Raman-resonant (hence not visible in the present experiment) relax on a sub-picosecond time scale through rapid intramolecular vibrational energy redistribution. In turn, they anharmonically couple to the vibrational eigenstates of the heme, to reach a mode specific Boltzmann distribution corresponding to an elevated local vibrational temperature. Finally, slower collisional exchanges with the protein and solvent initiate the vibrational cooling process.
Critically, the evolution of the vibrational population will also be reflected in the visible absorption spectrum (see Fig. 2 ), as suggested in Ref.
8 . Specifically, we find a tight correlation between (i) the recovery timescales of the red tail of the TA (λ ≥ 480 nm) and of the low frequency modes (e.g. ν 8 ) (∼ 0.3 ps timescale) ; (ii) the TA kinetics in the wavelength range 445 − 455 nm and the build up and recovery (≈ 3 ps timescale) of the high frequency vibrational modes (e.g. ν 4 ).
The first feature signifies that excess vibrational energy is very efficiently transferred from the FC envelope to the low frequency modes of the electronic ground state, increasing its average energy. Accordingly, the energy gap to the Soret level (Fig. 5a) is reduced, and the broad most redshifted component in the TA spectrum is generated. Notably, levels corresponding to the absorption of multiple low frequency quanta must necessarily be populated to produce such a relatively large shift. The second feature suggests that a similar energy transfer towards the high frequency modes is much slower, hence less efficient, and indicates an increased gap to the Soret level, reflecting dissipation of the total vibrational energy of the heme to the surrounding globin and solvent. The different timescales for the relaxation to low and high frequency modes reflect the lower vibrational density of states of the latter 1 . Within this scenario, we are able to describe the observed dynamics in terms of vibrational relaxation of a hot ground state photoproduct, without invoking the presence of short-lived electronic intermediates. The possible existence of transient electronic excitations involving the d-electrons of the iron via the pi electrons of the porphyrin remains a likelihood for the non-radiative decay process 24 . Our result, however, sets an upper limit for their lifetime which needs to be within the FSRRS time resolution, namely 50 fs, rationalizing earlier work on the potential impact of possible photoinduced heating on TA 8 , resonance Raman 2,8 and femtosecond impulsive vibrational coherence spectroscopy results 35 . To verify this picture, we implemented a numerical model (see Supplementary Material for full details) which allows evaluation of anharmonicity factors (α ∼ 5×10 −3 ) and picosecond and sub-picosecond temperature changes for each vibrational mode (≲ 1200 K, in agreement with theoretical simulations 4 ). The rationale of the model is to evaluate the Raman lineshape accounting for: (i) the temperature dependent, mode specific population dynamics of each vibrational level and (ii) the TA dynamics, affecting the spectral lineshapes via the REP (Supplementary Eq. 6). This latter feature is critical for the understanding of several key issues, as it can impact on the apparent ultrafast dynamics of the raw FSRRS spectra, making it significantly different from the population kinetics ruling energy transfer. For any vibrational transition of a given vibrational mode, indeed, the REP is in general strongly suppressed at short times, due to the bleaching and broadening of the Soret absorption band (see Fig. 2 ). Consequently, FSRRS dynamics at short times are only visible in those cases where population dynamics compensate for the small REP. As an example, although the vibrational ground state of the high frequency modes (see ν 4 in Supplementary Fig. 3 ) remains populated above 90 % during the entire dynamics, the spectrum corresponding to the fundamental vibronic transition is obscured during the first picosecond. For low frequency modes, on the other hand, the spectra show similar behavior only for the ground state resonant measurement at 440 nm (where both the REP and n = 0 population monotonically increase with time). The 460 nm resonance, indeed, emphasizes the interplay between the rise of the REP and the decay of the vibrationally excited levels (see ν 8 in Supplementary Fig. 3 ).
As shown in Fig. 4 , the model quantitatively reproduces the experiment, showing that the energy transfer to the low frequency modes is more efficient than that to high frequency vibrations.
Vibrational heating on the picoseconds timescale has been studied in the past by looking at the Stokes/antiStokes ratio in TR 3 and TRRS 2, 16 . Very recently, however, it has been pointed out that the Stokes/anti-Stokes ratio of stimulated Raman spectra is insensitive to the local temperature 36 . Tracking hot bands dynamics in a FSRRS experiment, the method proposed in this paper, represents therefore a powerful tool to capitalize on the sub-ps capabilities of the technique. It allows, indeed, mapping the earliest stages of energy flow at the intramolecular scale, namely at the ligand binding site of a heme protein, by tracking local temperature dynamics. In line with previous TRRS results 37 (see Supplementary Discussion for an extended examination), we identify a bottleneck role of high frequency modes 2,22 on the way to thermal equilibrium, which can be explained as trapping of vibrational energy in those modes located within a low density of states region 38 .
Finally, the tight correlation between the kinetics of the TA and the vibrational evolution permits describing energy flow uniquely in terms of a hot ground state relaxation, ruling out a role of transient electronic states 21 on the timescale >50 fs. By studying heme proteins with a variety of functions, including proteins incorporating covalently linked heme like cytochrome c, our approach offers the perspective of mapping out in detail the modes involved in energy exchange between a cofactor and the protein backbone. These include the modes orchestrating the initial stages of intra-protein signalling processes upon heme-ligand bond-breaking, with implications for functional roles such as protein cooling during reaction, allosteric communication and efficient ligand binding and trapping 27 . On a more fundamental ground, our results challenge the common understanding of temperature as an equilibrium molecular property, elucidating its modespecific character.
Methods
FSRRS method -A possible route to supersede the picosecond time resolution limit, without the loss of spectral resolution typical of spontaneous Raman, is stimulating Raman transition by the simultaneous presence of two electric fields (RP and Stokes probe) 39, 40 . Using dispersed detection, indeed, spectral resolution is fundamentally limited by the RP bandwidth. Nonetheless, the time resolution is only determined by the duration of the Stokes probe pulse initiating the macroscopic polarization in the sample and, of course, by the actinic pump. Starting from the seminal paper on retinal isomerisation 41 , this experimental protocol has been demonstrated in a number of molecular systems (see 42 for a comprehensive review) and recently extended to condensed matter to tackle ultrafast light-induced modifications of the magnetic interaction 43 .
In the last few years, we introduced an efficient technique to synthesise broadly tunable narrowband picosecond pulses 44, 45 , which we use here as RP for an FS-RRS experiment selectively exploring different Soret resonance conditions. The optical layout of the experiment is detailed in Ref. 44 . Briefly, the setup is driven by an amplified Ti:Sapphire laser (Coherent Legend Elite HE) producing 3.6-mJ, 35-fs pulses at 800nm (450 cm −1 bandwidth) and 1 kHz repetition rate. Widely tunable RPs are an essential component of the setup. The narrow bandwidth RP in the range 350-600 nm is generated from a two-stage Optical Parametric Amplifier (OPA) that produces tunable IR-visible pulses, followed by spectral compression via frequency doubling in a 25-mm beta-barium borate (BBO) crystal. Spectral compression technique takes advantage of the group velocity mismatch between the fundamental and second harmonic in the long BBO crystal to create few-ps duration pulses with typical bandwidths of ∼ 15 cm −1 . The temporal profile of the RP is then shaped via spectral filtering, as we recently detailed in Ref. 45 . The femtosecond Stokes probe is a white-light continuum generated by focusing the laser fundamental into a CaF 2 crystal that is continuously translated perpendicular to the beam to prevent damage. The actinic pump, which triggers the photoexcitation, is generated by a second OPA tuned to λ = 560 nm, i.e. in resonance with the Q-band absorption of Mb. The energies of the beams are ∼ 1µJ,∼ 0.7µJ and ∼ 2 nJ for the actinic pump, RP and Stokes pulse, respectively. The three beams are independently focused onto the samples, the RP is modulated at 500 Hz to obtain stimulated Raman gain (RG), while the actinic pump is modulated at 250 Hz to obtain the FSRRS difference spectra upon photoexcitation.
Sample preparation -Horse's heart Myoglobin was purchased from Sigma Aldrich, dissolved in 0.1 M phosphate buffer, pH 7.5, and reduced under anaerobic con-ditions with sodium dithionite to the deoxy ferrous state. The CO complex was formed by exposing this state to CO gas. Typical sample concentrations are in the range 100 and 200 µM. To avoid radiation damage, the sample flows through a transmission cell, by means of a peristaltic pump.
Data treatment -To correctly calibrate the Raman spectrum, cyclohexane was preliminarly used as a standard. To obtain the Mb FSRRS spectrum two unwanted contributions need to be removed from the data: a TA induced background, and the stimulated Raman contribution of the not-reactive part of sample. The former contribution arises in resonance condition, as the white light continuum is absorbed differently in presence and in absence of the RP (see Supplementary Fig. 1 ). In other words I Ron and I Rof f in Supplementary Fig. 1 do not differ by the Raman spectrum only 46 . The most simple correction is possible by fitting the baseline with a spline 47 and dividing it from the spectrum [48] [49] [50] . In our case the spline is applied with variable values of interpolant, and limited to wavelength regions not involved in the FSRRS effects (see Supplementary Fig. 1 ). To remove the Raman spectrum related to non-photoexcited molecules, we subtracted an increasing amount of signal without the actinic pump (AP-off), up to the onset of negative contributions in the Raman gain, similarly to Ref 51 .
A further important reduction of the experimental data (Fig. 3) concerns the equalization of pump-probe time delays, which are different for each vibrational feature, owing to the chirp of the broadband Stokes pulse. To this purpose, we used Optical Kerr Effect (OKE) cross-correlation 40 to measure the overlap between the actinic pump and the broadband Stokes pulse.
